Results

Stomatopod UV Visual System
The apposition compound eyes of stomatopods are composed of an array of ommatidia, with dorsal and ventral peripheral regions bisected horizontally by six parallel rows of enlarged, specialized ommatidia called the midband (MB) ( Figure 1A ), whose photoreceptors encompass the majority of spectral diversity in the retina. In each ommatidium, light passes through the cornea and crystalline cone optical components before entering a series of tiered photoreceptive rhabdoms formed by eight retinular cells ( Figure 1B ). The most distal photoreceptor is retinular cell 8 (R8). In the stomatopod species Neogonodactylus oerstedii, R8 receptors have been shown electrophysiologically to be sensitive to at least five discrete wavelength ranges of UV light, with sensitivities peaking at 310, 320, 330, 340, and 380 nm ( Figure 1C ) [4] . This is the most complex UV photoreceptor array found in nature, and it appears to be a common feature of stomatopod retinas [10, 11] . This spectral diversity suggests the presence of several visual pigments with differing wavelengths of maximum absorbance (l max ) in the UV range. However, previous attempts to examine R8 visual pigments in stomatopods by microspectrophotometry (MSP) found only a single visual pigment, with a l max around 330 nm [12] . Therefore, we initially attempted to better characterize UV-sensitive opsins and visual pigments in the R8s.
UV Opsins and Visual Pigments
Retinal transcriptomic sequencing was utilized to identify candidate short-wavelength-sensitive (SWS) opsins potentially expressed in the R8s of N. oerstedii. We isolated three opsin transcripts that fall within the arthropod SWS opsin clade, designated uv1-uv3 ( Figure 1D ). Phylogenetically, these three opsins fall within two well-supported crustacean-specific SWS subclades, referred to here as cUV1 (containing N. oerstedii opsins uv1 and uv3) and cUV2 (containing opsin uv2). In both subclades, the N. oerstedii sequences are most closely related to other stomatopod transcripts [13] , and then to other crustacean SWS opsins. All three transcripts possess a lysine residue at bovine rhodopsin position 90, which has been implicated in arthropod UV spectral tuning [9] . Unlike stomatopod long-wavelength opsins [14] , in which many more opsin transcripts than long-wavelength-specific photoreceptors are present in the retina, these three SWS opsins do not explain the physiologically measured spectral diversity of UV photoreceptors.
In situ hybridization using riboprobes against the 3 0 UTR of the N. oerstedii SWS opsin transcripts was performed on retinal cryosections to determine their expression patterns in the eye. The riboprobe against uv1 hybridized to the R8 cell bodies in MB rows 2-6, as well as R8s throughout the dorsal periphery and in the first few rows immediately adjacent to the MB in the ventral periphery ( Figure 1E ). Conversely, the riboprobe against uv2 hybridized only to MB row 1 R8s and throughout the ventral periphery, excepting the rows adjacent to the MB ( Figure 1F ). The transcripts for uv1 and uv2 therefore produce a dichotomous, mutually exclusive expression pattern that includes every R8 in the retina. This pattern is identical in both sexes (see Figure S1A available online). The riboprobe against uv3 hybridized to nuclei throughout the retina, as well as weakly to R8s of the ventral periphery and MB row 1 ( Figure S1A ). The nuclear expression pattern may suggest that uv3 is a pseudogene and thus does not produce a functional visual pigment.
The absorption spectra of the visual pigments found in the R8s of N. oerstedii were examined by MSP of retinal cryosections. All MB rows expressing the uv1 opsin transcript (rows 2-6) were found to possess a similar visual pigment (Figure S1B) , with a l max of 334 nm ( Figure 1G ). This result is consistent with previous MSP studies of stomatopod R8s [12] . MB row 1, which expresses the uv2 transcript, possesses a visual pigment with a l max of 383 nm ( Figure 1H ). There was no evidence for the presence of any other functionally distinct UV visual pigments in the MB R8s ( Figure S1C ).
UV Filters in the Crystalline Cones
Two UV visual pigments with l max values of 334 and 383 nm in the MB R8s were insufficient to explain the diversity of finely tuned spectral sensitivities observed in these receptors by electrophysiology [4] . Coupled with the narrow shapes of some of the sensitivity spectra ( Figure 1C ), this suggested that several UV-specific optical filters are present somewhere in the MB. Colored optical filters that alter the spectral sensitivity of a photoreceptor by selectively transmitting only certain wavelength ranges of light are common in animal eyes [15] , and sets of multiple colored filters within a single eye have been described in various vertebrates [16] [17] [18] , butterflies [19] [20] [21] , and stomatopods [22] [23] [24] . In visual systems, however, UV filters are primarily involved in photoprotection of the retina or in suppression of the UV-absorbing b band of visual pigments [15] . An exception to this is the butterfly Papilio, which uses a UV filter (thought to be a retinoid) to shift the peak sensitivity of a subpopulation of UV-sensitive 
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receptors into the violet range [25] . This particular UVabsorbing pigment was revealed by its weak incidental fluorescence at visible wavelengths. Therefore, we hypothesized that any UV-absorbing pigments in stomatopod eyes, positioned either in the most distal regions of the R8s themselves or within the optical structures overlying the rhabdoms, might be detected in a similar manner. When we illuminated the eye of N. oerstedii with 375 nm light, a striking fluorescence pattern was observed ( Figures  2A and 2B) , with three distinct fluorophore emissions apparent in MB rows 3-6 ( Figures 2B-2D and Figure 2E, dashed lines) . Crucially, these emissions overlaid the pseudopupil, a vertical streak of dark facets facing directly at the observer, indicating that the fluorescent pigments are located in the optical path of the ommatidia. UV epi-illumination of ocular cross sections revealed that these fluorophores were in fact located within the crystalline cones ( Figures 2C and 2D) .
MSP analysis of the MB crystalline cones revealed the presence of four distinct photostable, UV-absorbing pigments (Figure 2E, solid lines) . Rows 1 and 2 contained an identical pigment with a l max of 334 nm and a maximum optical density (OD) of 1.26 through the length of nearly intact crystalline cones ( Figure S2A ). Rows 3 and 4 contained similar, but spectrally distinct, pigments with a l max of 372 (OD 1.89) and 375 nm (OD 1.91), respectively. Rows 5 and 6 contained an identical set of two pigments ( Figure S2B ), one with a l max of 308 nm (OD 2.29) and a second, less dense pigment with a l max of 388 nm (OD 0.43). The peripheral crystalline cones did not appear to contain any optically relevant UV pigments, with limited absorption in the deep UV most likely resulting from short-wavelength beam scattering. There were no significant differences between male and female individuals in absorption spectra of any of the filters ( Figures S2C-S2F) , and the cornea showed no optically relevant absorption ( Figures  S2G and S2H ).
Spectral Tuning of R8s
We modeled the spectral sensitivity of each MB R8 in N. oerstedii using the pairwise combination of each row's UV visual pigment and filter (Figure 3) . The visual pigment absorptance (the absolute light absorption over the length of the rhabdom) for each R8 was multiplied by the transmittance of the filter pigments in their associated crystalline cones (Figure 3C, left plots) . The resulting predicted sensitivity spectra were then compared with the previously measured spectral sensitivities ( Figure 3C , right plots) [4] . The predicted sensitivities of the R8s were found to be largely consistent with the electrophysiology.
In MB row 1, the filter pigment (l max = 334 nm) acts as a long-pass filter for the UV2 visual pigment (l max = 383 nm), attenuating R8 sensitivity to wavelengths below 350 nm in a manner consistent with the electrophysiology. Replacement of the least-squares fit of the visual pigment template to the rather poor data in this row ( Figure 1H ) with a visually estimated match moves the l max to 375 nm ( Figure S3A ), which provides a better match to the electrophysiological results ( Figure S3B ). Long-pass filtering is also evident in MB rows 5 and 6, where two pigments (l max = 308 and 388 nm) combine to form a notch filter for the UV1 visual pigment (l max = 334 nm), pinching the predicted spectral sensitivity to peak sharply at 340 nm. The crystalline cones in the peripheral regions lack strong UV-filtering pigments, but their scattering transmittance spectrum at short wavelengths predicts a slight red shift of R8 sensitivity, consistent with electrophysiological measurements [4] .
The predicted sensitivity in MB row 2, peaking at 359 nm, is unlike the sensitivity attributed to that receptor by electrophysiology. However, unlike the other R8s measured by Marshall and Oberwinkler [4] , this receptor was not verified with histological staining, and instead was inferred by the depth of the electrode in the retina. We suggest that this sensitivity spectrum was actually recorded from the adjacent row 3 R8, which we predict to have a sensitivity very similar to the earlier ''row 2'' data, but for which no recordings were assigned in the electrophysiological work. Note that a receptor with peak sensitivity at 359 nm neatly fills in a gap within the Figure S2 ) and normalized emission (dashed lines) spectra of the pigments found in the CCs of the MB and PR of N. oerstedii. Spectra are colored according to which CCs they represent, as in the inset diagram. See also Figure S2 for full absorbance data.
pattern of finely tuned receptors evident throughout the visual range of stomatopods ( Figure S3C ) [11, 26] . The UV filters in MB rows 3 and 4 are particularly noteworthy-they are the first fully characterized examples of short-pass optical filtering in nature (although such filters have been suspected in other arthropods [27, 28] ). With l max positions at 372 and 375 nm, respectively, these pigments block longer UV wavelengths from reaching the underlying 334 nm UV1 visual pigment in the R8s of both rows, causing their sensitivity to peak sharply at shorter wavelengths. Crucially, these pigments do not absorb strongly above 400 nm and thus do not influence the sensitivities of most main rhabdom receptors below the R8s. However, the pigment in MB row 4 could also serve as a long-pass filter for the distal main rhabdom receptor in row 4, which contains a 429 nm visual pigment [2] (see Figure S3D ).
Biochemical Identity of UV Filters
The narrow, UV-specific absorbance spectra of the crystalline cone pigments strongly suggested that they were composed of mycosporine-like amino acids (MAAs), pigments commonly associated with UV photoprotection in the integuments of a variety of primarily marine organisms [7, 8, 29, 30] and the lenses of fish [31, 32] .
Liquid chromatography-mass spectrometry (LC-MS) was used to examine the biochemical properties of the UV-absorbing filter pigments in the crystalline cones of N. oerstedii. The pigment extracts separated into five major peaks exhibiting absorbance in the UV range ( Figure 4A ). Four of these peaks contained pigments with absorbance spectra closely resembling those measured by MSP from individual crystalline cones ( Figure 4B ). The retention time and mass-to-charge ratio of these peaks were consistent with those of MAAs ( Figures 4C  and S4 ) [33, 34] . The pigments at peaks 1 and 2 (refer to Figure 4 for numbering) were identifiable as the structurally related MAAs porphyra-334 and mycosporine-gly ( Figure 4D ). Spectrally, these MAAs match the absorbances of the primary crystalline cone pigments in MB rows 1 and 2 and MB rows 5 and 6, respectively. The pigments at peaks 3 and 4 resembled the absorbance spectra of the MB rows 3 and 4 crystalline cone pigments; however, they do not match any MAAs with resolved structures and most likely represent novel members of the group with uncharacterized structures. A fifth deep-UV-absorbing pigment at peak 5 exhibited properties similar to the MAA precursor gadusol. The secondary pigment in MB rows 5 and 6 with a l max of 388 nm was not resolved by this analysis.
Discussion
The discovery of four distinct photostable filters acting on the same visual pigment in a retina is the most complex example known of filtering to multiply spectral sensitivities. When colored oil droplets were first discovered in the cones of reptiles and birds, it was hypothesized that they all acted on the same cone visual pigment to generate a color vision system [35] . However, it is now known that each cone color droplet type is typically paired with its own visual pigment and that Wavelength (nm) Absolute R8 absorbtance and filter transmittance (C) The R8 visual pigment absorptance and the crystalline cone transmittance (left plots; coloration and insets refer to A and B) were used to compute the predicted spectral sensitivity of the R8s (right plots, black lines). These predicted sensitivities are compared to previous electrophysiological data (right plots, black circles; shading represents the SEM) [4] .
Electrophysiological data for the R8 in MB row 3 was not available. In row 2, the asterisk indicates the only case in which our model differs severely from the electrophysiological data. See the explanation in the main text. See also Figure S3 for additional spectral tuning data. the droplets are used to sharpen spectral sensitivities for contrast enhancement or to correct for chromatic aberration, rather than to diversify spectral sensitivities on the basis of a single visual pigment [15] . Recently, an exception to this was identified in the butterfly Colias, in which two filters produce sexually dimorphic red receptors [21] . Now, in N. oerstedii, we have identified a case in which one visual pigment is filtered by four pigments to produce five spectral receptor types.
The location and biochemical basis of the UV filters in N. oerstedii is also surprising. Previous to this work, the crystalline cones in arthropods were found to lack colored pigments [15] . MAAs are not synthesized by eukaryotes, except in the unusual case of dinoflagellates [36] , so the precursors to the UV filters in N. oerstedii are probably procured from their diet and subsequently modified, as has been observed in the sunscreen MAAs of other crustaceans [37, 38] . The means by which stomatopods modify the MAAs into the five distinct filter pigments and sequester them in the crystalline cones is unknown and needs further attention. Furthermore, the MAAs in MB rows 3 and 4 seem to be novel types, not previously identified in MAA-producing prokaryotes, so stomatopods may modify these molecules in unique ways.
The ecological and evolutionary factors that drove the development of such a singularly elaborate UV spectral tuning arrangement in N. oerstedii are poorly understood, but the complexity and precision of this system certainly suggest an importance to the stomatopods' lifestyle. Stomatopods are aggressive predators, with one of the most powerful attack strikes in nature [39] , and they have a surprising repertoire of complex social interactions [40] . It is likely that UV sensitivity plays a role in many of their visually guided behaviors. Recent behavioral experiments have suggested that stomatopods may use their finely tuned color receptors as a temporally rapid means of color recognition [11] . Provocatively, signaling at exceptionally short UV wavelengths could provide stomatopods with a rapid and covert medium of communication, outside the light-analysis range of any other marine animal.
Experimental Procedures
N. oerstedii were captured in the Florida Keys from burrows in reef rubble or sponges in shallow water. For transcript expression analysis, mRNA was isolated from whole eyes, and transcriptomes were generated from normalized libraries using Illumina paired-end sequencing. 3 0 rapid amplification of cDNA ends with Superscript III was used to amplify, confirm, and sequence the 3 0 UTR of each transcript for the preparation of riboprobes for in situ hybridization. MSP on visual pigments in the N. oerstedii R8s and the filters in the crystalline cones was carried out using techniques and apparatuses described previously [2, 12] , with modifications intended to increase the intensity and range of deep UV light in the beam. LC-MS was performed using an Agilent 1100 Series LCMSD system with a Capcell-Pal C18 reverse phase column [34] . Spectral sensitivity computations were performed as described previously [2] . See the Supplemental Experimental Procedures for additional details.
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